As a degree of freedom in three-dimensional blade design of axial compressor, the sweep technique significantly affects aerodynamic performance of axial compressors. In this paper, the influence of backward sweep rotor configurations on aerodynamic performance of a 1.5-stage highly loaded axial compressor is studied by numerical simulation. The aim of this work is to improve understanding of flow mechanism of backward sweep on aerodynamic performance of a highly loaded axial compressor. A commercial CFD package is employed for flow simulations and analysis. The study found that backward sweep had little effect on peak efficiency of the 1.5-stage axial compressor. At the design rotational speed, compared with baseline, backward sweep rotor configurations reduce the blade loading near the leading edge but slightly increases the blade loading near the trailing edge in the hub region. As the degree of backward sweep increases, total pressure ratio and stall margin of the 1.5-stage axial compressor increase first and then decrease. Among different backward sweep rotor configurations, the 10% backward sweep rotor configuration has the highest stall margin, which is about 2.5% higher than that of baseline. This is due to the change of downstream stator incidence, which improves flow capacity near the hub region. At 60% rotational design speed, passage shock disappears. Backward sweep rotor configurations deteriorate stall margin of the compressor, but increase total pressure ratio and adiabatic efficiency when flow rate is lower than that at peak efficiency condition. Therefore, it's necessary to consider flow field structure of axial compressors in the design process and use the design freedom of sweep to improve the aerodynamic performance.
INTRODUCTION
With the rapid development of turbomachinery technology, the design requirements of compressors are moving toward highly loaded, highly efficiency and highly stall margin. To meet above requirements, the sweep technique has been widely used in the design process of compressors. The concept of sweep was initially developed for aircraft wing to successfully reduce drag and flow losses. It was later discovered that the sweep technique has large impact on aerodynamic performance of axial compressors. Up to now, development of the sweep technique has gone through four stages: preliminary exploration of sweep concept, in-depth study of backward sweep technique, in-depth study of transonic compressor forward sweep technique, and in-depth study of subsonic compressor sweep technique (Ji et al., 2005) . Wadia et al. (1997) studied the influence of sweep on transonic compressor and concluded that forward sweep can improve efficiency and stall margin of a transonic compressor. Hah et al. (1998) conducted a detailed study on the influence mechanism of sweep on position and structure of passage shock wave in a transonic compressor. It was considered that the shock surface was gradually perpendicular to the casing wall in the radial direction. The passage shock wave moved upstream for backward sweep rotors. In contrast, the passage shock wave moved downstream for forward sweep rotors. Denton and Xu (2002) later found that sweep had little effect on peak efficiency and pressure ratio, however, significant affecting stall margin of a transonic fan. first successfully reported that the hub and casing sweep and dihedral modifications to rotor blades in multistage compressor in the open literatures. The overall objectives of the designs were met: the multistage compressor increased efficiency with no significant loss in surge margin. Lu et al. (2015) found an optimized sweep stator design is beneficial for decreasing the stator loss at hub region and improving the aerodynamic performance of a multistage axial-flow compressor. However, Boyer et al. (1995) studied stall warning time demonstrated by backward sweep rotor and zero sweep rotor at different rotational speeds. The results indicated that backward sweep rotor exhibited more stall warning time than zero sweep rotor. Goswami et al. (2016) found that backward sweep increased stall margin and forward sweep increased the choked mass flow rate.
For subsonic axial compressors, the passage shock wave disappears. The effects of sweep mainly lay in radial redistribution of flow field structure. Ramakrishna et al. (2009; 2010) studied the effect of forward sweep on subsonic axial compressor rotor. The result showed that downstream stator with sweep rotor showed higher static pressure recovery than that of stator with zero sweep rotor at near stall condition. Gümmer et al. (2000) studied sweep and dihedral effects in axial compressor stators and demonstrated that positive sweep and positive dihedral could reduce end wall losses and increase operating range on compressors. Ilikan et al. (2015) found that forward sweep and backward sweep do not significantly affect aerodynamic performance of a fan at the design flow rate in spite of the occurring modifications of the local blade pressure distribution. However, at low flow rate, forward sweep and backward sweep have positive and negative effects on the fan performance, respectively. Although many scholars have conducted extensive research on the sweep technique, the influence of sweep technique on aerodynamic performance of highly loaded axial compressor in different operating conditions such as transonic and subsonic is not deeply understood. Many scholars studying sweep in subsonic and transonic compressors have found that forward sweep in the tip region of a compressor rotor increases the stability of the tip region. This is supported by (Passrucker et al.,2003; Sun, S. et al.,2019) . However, there is a controversy about the effect of backward sweep also can increases the stall margin of axial compressors in different operating conditions via means of matching the blade loading of the infinitesimal compressor along span over the stable operation range. This is supported by (Boyer et al.,1995; Ji et al.,2005) . Based on the background, this paper aims at studying the influence of different backward sweep rotor configurations on the aerodynamic performance of a 1.5-stage highly loaded axial compressor at design rotational speed and 60% design rotational speed by numerical simulations, revealing the flow mechanism of different backward sweep rotor configurations.
INVESTIGATED COMPRESSOR AND DEFINITION OF SWEEP
The compressor under investigation in this study was a 1.5stage highly loaded axial compressor (Yang et al.,2015) . It was designed and tested by in Laboratory of Light-duty Gasturbine, Institute of Engineering Thermophysics, Chinese Academy of Sciences, as shown in Figure 1 . The compressor was designed to produce a pressure ratio of 1.72 at the designed mass flow rate. The compressor consists of 31 inlet guide vanes, 36 rotor blades and 59 stator vanes. Key aerodynamic and geometrical parameters of the compressor are presented in Table 1 .
A variety of ways have been used to define sweep in the open literatures. In this paper, the definition of chord-wise sweep of was adopted, as shown in Figure 2 . A parametric study was performed by changing the backward sweep length. The objectives was to obtain a physical understanding of the influence of sweep on aerodynamic performance of the 1.5-stage highly loaded compressor. Five different backward sweep rotor configurations were numerically studied. The position of rotor hub blade section was unchanged. The rotor tip blade section was moved along tip chord in the direction of flow. The moving distance was 5%,10%,15%,20%,25% tip chord length. Each blade section from the hub to the tip was translated linearly. 
NUMERICAL METHODS
Three-dimensional steady numerical simulation and flow analysis was carried using the commercial code EURANUS. This code is an integral part of the software package NUMECA FINE. The one-equation Spalart-Allmaras turbulence model was used for the calculations. The Reynolds-averaged Navier-Stokes equation method is still the most widely used approach in industrial CFD due to the computational cost and the design schedule. The spatial treatment of Reynolds-averaged Navier-Stokes equation was performed using Jameson's cell-centered explicit finite volume. Time integration was performed using a four steps Runge-Kutta configuration. To speed up convergence to steady state, local time stepping, residual smoothing and multi-grid techniques were all applied. In the computation, the fluid is air modelled as a perfect gas. At the inlet boundary, uniform standard total pressure and total temperature with axial flow direction were imposed. At the subsonic outlet, the average static pressure was applied. At solid boundaries, i.e. hub, blade and casing surfaces, adiabatic non-slipping condition were imposed. A single blade passage was used for the calculations, using periodic boundaries to account for the number of blade passages. A Mixing plane was chosen for the rotor-stator frame change interface. The convergence global root mean square residual was set to 1×10 −6 to ensure the correct simulation results, the difference between the inlet and outlet calculation mass flow rate was less than 0.01%. All the numerical simulations were started at choked condition and then marched towards near stall condition with gradual increase of the average outlet pressure. The predicted near stall point was judged to be the last stable condition prior to the oscillation in flow parameters and numerical divergence with increasing iteration numbers.
Blade geometry creation and grid generation for the 1.5stage axial compressor were conducted by using commercial software NUMECA AUTOGRID 5. The gird topology of different sweep configurations is the same. Due to almost similar characteristics for each blade row, the grid topology of the rotor was described in detail. Multi-block structured grids with hexahedral elements were used in the simulation. Around blade surfaces, the O grids were generated to improve the orthogonality, whereas H grids were used at the inlet, in the passage, and at the outlet, as shown in Figure 3 . The distance between the first grid cell and the solid wall was set as 1×10 −6 meter to meet the need of the solid wall y + <3 for all computations.
In order to check the grid independence, three different meshes from 1.6 million nodes to 3 million nodes were selected. Figure 4 compared the data measured from the experiments and the results from numerical calculation for different meshes of the 1.5-stage axial compressor at 100% design rotational speed. The abscissas represented the dimensionless mass flow, which were normalized by the choked mass flow. It can be seen that total pressure ratio in the numerical calculations were slightly higher than the experimental value, but adiabatic efficiency values were lower than the experimental value The discrepancy of the efficiency mainly due to the simulation fails to predict the total temperature distribution at different conditions, which is similar to the Rotor 37 in many report (Dalbert et al.,1995; Chima, et al.,1998; Beheshti et al.2004 ). When the mesh number of nodes was more than 2.3 million (M), the total pressure ratio and adiabatic efficiency almost remain unchanged. It meant that the grid sensitivity can be eliminated when the number of nodes was 2.3 million. Therefore, the number of nodes of 2.3 million was suitable for calculation in order to reduce computation resource, the numerical model selected in this paper satisfied the calculation accuracy requirements and could be used for predict aerodynamic performance and analyse internal flow mechanism of the 1.5stage highly loaded axial compressor. 
RESULTS AND DISCUSSION Flow mechanism at design rotational speed
The compressor aerodynamic performance map for different backward sweep rotor configurations at design rotational speed is presented in Figure 5 . As the degree of backward sweep increases, the total pressure ratio of the 1.5stage axial compressor increases first and then decreases, and they are always higher than zero sweep configuration, as seen in Figure 5 . This is in contrast to an infinitely long sweep aerofoil configuration where the total pressure ratio decreases with the degree of backward sweep increases. The span-wise flow structure caused by backward sweep rotor configurations is modified by the hub and casing surfaces, which leads to a change in aerodynamic performance as the degree of backward sweep increases (Hah et al.1998 ). The figure also indicates that backward sweep has little effect on peak efficiency of the 1.5-stage axial compressor. The aerodynamic performance differences among different backward sweep rotor configurations increases with the decrease of mass flow rate.
To quantitatively analyse the compressor stability, the stall margin is defined as follows (Beheshti et al.2004 ): 
where , , , and correspond to total pressure ratio at design point, mass flow rate at design point, total pressure ratio at near stall point and mass flow at near stall point, respectively. It can be seen from the Figure 6 , as the degree of backward sweep increases, the stall margin increases first and then decreases. Under a certain range of backward sweep, stall margin is better than that of baseline, but when the backward sweep exceeds a certain value, stall margin deteriorates rapidly, which is lower than that of baseline. Among different backward sweep rotor configurations, the 10% backward sweep rotor configuration has the highest stall margin, which is about 2.5% higher than that of zero sweep rotor configuration. The 10% backward sweep rotor configuration is selected to analyse the flow mechanism of backward sweep rotor configurations improving the stall margin of the compressor. The stage is at the same normalized mass flow value of the near stall point of baseline. For baseline stator, the suction surface appears a wide range separation region from the stator hub up to about 50% span height. Absolute Mach number contour for baseline and 10% sweep configuration in 25% span of the stator is plotted in Figure 7 . It can be seen that there is a clear open separated flow in the rear part of suction surface for the baseline at near stall point, while the separated flow for 10% backward sweep rotor configuration decreases, as shown in region A in Figure 7 . The reason for backward sweep improves stable operation range of the 1.5-stage axial compressor may be due to the improvement of flow capacity near the hub region of stator. Since translating the blade sections changes the distance between backward sweep rotor and downstream stator. Hence, the stage matching has been justified. For instance, decreasing gap between rotor and downstream stator has effects in terms of flow mixing, pressure loss and incidence as received by the stator.
Figure 7 Absolute Mach number contour for baseline and 10% sweep configuration in 25% span
The span-wise distribution of stator inlet swirl angle for baseline and 10% sweep rotor configuration is shown in Figure 8 . The axial location of the plot is 10% of the axial chord length upstream of the stator leading edge. Note that the plot shows that stator inlet swirl angle for the 10% sweep rotor configuration is lower than that of baseline below 60% span. It indicates that sweep affects the flow structure inside the rotor, causing the stator incidence closer to the design value. Thereby, it significant improves the mass flux (density x axial velocity) of downstream stator from 10% span to 60% span as shown in Figure 9 . The stability of the 1.5-stage compressor improves.
Isentropic Mach number distribution for the baseline and 10% sweep configuration on 5% span of the rotor blade surface is shown in Figure 10 . It can be seen from the Figure  10 , compared with baseline, the blade loading from the leading edge up to 20% chord length significantly decreases and the blade loading in the remaining portion of the aerofoil slightly increases for backward sweep configuration. And it also can be seen that the position of passage shock wave moves downstream for 10% sweep configuration, as indicates by the blue arrow. Therefore, the blade loading and passage shock wave together results in less blockage near the hub region, as shown in Figure 9 . However, at design rotational speed, when the degree of backward sweep is large, the stall margin of the compressor drops rapidly due to the rapid deterioration of the flow flied in the tip region. Figure 11 compares that relative Mach number for baseline and 25% sweep configuration in 95% span of the rotor. The stage is at the same normalized mass flow value of the near stall point of 25% sweep configuration. It can be seen that compared with that of the baseline, the intensity of passage shock wave for 25% sweep configuration is stronger. A wide low-speed region is observed mainly due to tip leakage flow, not for suction wake-related separation, as shown in region A in Figure 11 . The wide low energy region, which brings high aerodynamic losses and results in severe flow blockage near the tip region, thus finally causes stall.
Figure 11 Relative Mach number contour for baseline and 25% sweep configuration in 95% span
Trajectory of tip leakage flow originated from leading edge in rotor for baseline and 25% sweep configuration is plotted in Figure 12 . It can be seen that streamline of the 25% sweep configuration obvious divergence after passage shock wave compared with that of the baseline. The tip region appears in a larger range low-speed region than that of baseline, thereby blocking tip passage. Figure 13 compares that isentropic Mach number distribution for baseline and 25% sweep configuration on 95% span of the rotor blade surface. It can be seen that compared with baseline rotor, the blade loading before 25% chord length increases due to passage shock wave. Thereby, backward sweep rotor configurations affect the radial transportation of the boundary layer fluid through span-wise matching the blade loading, causing the boundary layer flow to shift toward the tip near the trailing edge with the centrifugal force. This is supported by (Govardhan et al.,2007; Cui et al.2016) . And as tip blade loading near the leading edge increases, the pressure difference between suction surface and pressure surface increases; hence, the tip leakage flow rate through tip clearance increases. The interaction of passage shock wave and tip leakage flow causes stall margin of the 1.5-stage axial compressor decreases. In summary, a large degree of backward sweep configuration is severely detrimental to the aerodynamic performance near rotor tip region of the compressor, especially on stall margin, which is needed to be avoided in the design process of the axial compressor.
Figure 12 Tip Leakage flow originated from leading edge for baseline and 25% sweep configuration

Figure 13 Isentropic Mach number for baseline and 25% sweep configuration on 95% span
Flow mechanism at 60% design rotational speed At 60% design rotational speed, the passage shock wave disappears. The influence mechanism of sweep on the compressor is different from design rotational speed. The aerodynamic performance for different backward sweep rotor configurations at 60% design rotational speed is shown in Figure 14 . It can be seen that backward sweep has little effect on peak efficiency of the 1.5-stage axial compressor at 60% design rotational speed. However, unlike the design rotational speed, the adiabatic efficiency and total pressure ratio increases as the degree of backward sweep increases when flow rate is lower than that at peak efficiency condition.
It can be seen from the Figure 15 that at 60% design rotational speed, the stall margin for different sweep configurations are always lower than that of baseline, but stall margin is about twice as mach as that at the design speed, which is enough large. And as the degree of backward sweep increases, the stall margin gradually decreases. To analyse the intrinsic mechanism of backward sweep configurations at 60% design rotational speed, relative Mach number contour for different sweep configurations in 98% span is plotted in Figure 16 . The stage is at the same normalized mass flow value of the near stall point of 25% sweep configuration for all the cases. It can be seen that as the degree of backward sweep increases, the low velocity zone in the blade passage quickly increases, as shown in region A in Figure 16 .Thereby,the flow capacity in tip region significantly deteriorates. For 25% sweep configuration, the rotor is more likely to stall compared with baseline. Figure 17 compares the span-wise distribution of rotor inlet swirl angle for different sweep configurations. It can be seen that as the degree of backward sweep increases, the rotor inlet swirl angle above approximately 60% span increases. According to the literature (Chang et al. 2015) , backward sweep affects the redistribution of the flow parameter along circumference and span, which in turn produces a smaller meridional velocity and a larger circumferential velocity than those of the baseline. Thereby, the incidence of incoming flow increases as the degree of backward sweep increases, causing an increase in the blockage zone near the tip region. It also found that the blade loading near tip region hardly changes and the separation region near the suction surface moves downstream as the degree of backward sweep increases. Thus we can infer that tip flow capacity deteriorates mainly due to the variation of incidence rather than the blade loading and disappeared passage shock wave. At 60% design rotational speed, the main factor restricting the stable operation range of the 1.5stage compressor is the low energy flow in tip region rather than separation flow on suction surface.
Figure 16 Relative Mach number contour for different sweep configuration in 98% span
Figure 17 Rotor inlet swirl angle for different sweep configurations at 60% design rotational speed
Considering aerodynamic performance for different backward sweep configurations at the design rotational speed and 60% design rotational speed, the 10% sweep configuration shows higher stall margin at the design rotational speed and higher efficiency and total pressure ratio at 60% design rotational speed than baseline, which means better aerodynamic performance than baseline. This is to be proven by further experiments. The type of stall and poststall behaviour of the compressor are for further study.
CONCLUSIONS
Results of the detailed numerical simulation with different backward sweep rotor configurations are presented. The backward sweep rotor configurations affect passage shock wave, blade loading, tip leakage flow, boundary layer and blade row interactions, et al. In short, it's necessary to fully consider the flow field structure of axial compressors in the design process and use this design freedom of sweep to improve the aerodynamic performance. Conclusions are summarized as following:
1) At the design rotational speed, as the degree of backward sweep increases, the peak efficiency of the 1.5-stage highly loaded axial compressor hardly changes, however, the stall margin increases first and then decreases. The 10% backward sweep rotor configuration has the stall margin of about 2.4% higher than that of baseline. This is due to backward sweep rotor configuration reduces the blade loading near the leading edge but slightly increases the blade loading near the trailing edge in rotor hub region, which changes downstream stator incidence and improves the flow capacity near the hub region.
2) At the design rotational speed, when the degree of backward sweep is large, the intensity of passage shock wave near rotor tip region increases and the position of the passage shock wave moves upstream. The passage shock wave and tip leakage flow together results in severe flow blockage near the tip region, thus the stall margin deteriorates and should be avoided in the design process.
3) At the 60% design rotational speed, the passage shock wave disappears. The blade passage is almost full of subsonic flow. As the degree of backward sweep increases, peak efficiency hardly changes, but the total pressure ratio and adiabatic efficiency increases when flow rate is lower than that of peak efficiency condition. Due to the increase of rotor angle of attack, flow capacity deteriorates in the tip region and the stall margin of the compressor decreases. 
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